AdpA is a key transcriptional activator in the A-factor regulatory cascade in Streptomyces griseus, activating a number of genes required for secondary metabolism and morphological differentiation. Of the five chymotrypsin-type serine protease genes, sprA, sprB, and sprD were transcribed in response to AdpA, showing that these protease genes are members of the AdpA regulon. These proteases were predicted to play the same physiological role, since these protease genes were transcribed in a similar time course during growth and the matured enzymes showed high end-to-end similarity to one another. AdpA bound two sites upstream of the sprA promoter approximately at positions ؊375 and ؊50 with respect to the transcriptional start point of sprA. Mutational analysis of the AdpA-binding sites showed that both AdpA-binding sites were essential for transcriptional activation. AdpA bound a single site at position ؊50 in front of the sprB promoter and greatly enhanced the transcription of sprB. The AdpA-binding site at position ؊40 was essential for transcription of sprD, although there was an additional AdpA-binding site at position ؊180. Most chymotrypsin activity excreted by S. griseus was attributed to SprA and SprB, because mutant ⌬sprAB, having a deletion in both sprA and sprB, lost almost all chymotrypsin activity, as did mutant ⌬adpA. Even the double mutant ⌬sprAB and triple mutant ⌬sprABD grew normally and developed aerial hyphae and spores over the same time course as the wild-type strain.
A-factor (2-isocapryloyl-3R-hydroxymethyl-␥-butyrolactone) is a chemical signaling molecule, or a microbial hormone, that triggers secondary metabolism and cell differentiation in Streptomyces griseus (7, 8) . We have revealed the A-factor regulatory cascade, through which production of almost all the secondary metabolites produced by S. griseus and formation of aerial mycelium and spores are triggered. A-factor is gradually accumulated in a growth-dependent manner, with its maximum quantity, about 25 ng/ml, at or near the decision point (1) . The decision point is at the middle of the exponential growth phase (20) . When the concentration of A-factor reaches a critical level, it binds ArpA, which has bound the promoter of adpA, and dissociates the ArpA from the DNA, thus inducing the transcription of adpA (7, 22) . The transcriptional factor AdpA activates a number of genes required for secondary metabolism and morphological differentiation. Members of the AdpA regulon include strR, the pathwayspecific transcriptional activator for streptomycin biosynthesis (30) ; an open reading frame encoding a probable pathwayspecific regulator for a polyketide compound (35) ; adsA encoding an extracytoplasmic function sigma factor of RNA polymerase essential for aerial mycelium formation (32) ; ssgA encoding a small acidic protein essential for spore septum formation (33) ; and amfR encoding a regulatory protein essential for aerial mycelium formation (34) . In addition to these genes, sgmA encoding a metalloendopeptidase (12) and sprT and sprU, both encoding a trypsin-type protease (9) , are also members of the AdpA regulon. Disruption of sgmA results in a delay of aerial mycelium formation, suggesting that it is involved in the lysis of substrate mycelium during aerial mycelium development. Disruption of sprT or sprU exerted no detectable phenotypic changes on the host.
S. griseus is known to produce many extracellular proteins, including SprT and SprU. Because sprT, sprU and sgmA are under the control of A-factor, we expected that other extracellular protease genes would be also controlled by A-factor. In addition to the three proteases, S. griseus produces five serine proteases, SGPA (S. griseus protease A) to SGPE. All the five genes, sprA encoding SGPA (6) , sprB (6) , sprC (26) , sprD (27) , and sprE (25, 36) , have already been cloned and sequenced. SGPA and SGPB were purified from the commercially available protease mixture (Pronase), and subsequently their genes were cloned. The SGPC and SGPD genes were cloned on the basis of their sequence similarity to sprB. The SPGE gene was cloned and characterized because of the unique property of SPGE, which cleaves peptide bonds at the C side of glutamic acid. These proteases are all similar to mammalian chymotrypsin in their tertiary structure.
In the present study, we determined the dependence of the five chymotrypsins on AdpA. Of the five genes, sprA, sprB, and sprD were dependent on AdpA; AdpA bound their upstream activation sequences (UASs) and switched on their transcription. Contrary to our expectation, however, disruption of these genes gave no detectable phenotypic changes in morphological differentiation. During the study, we also found that a major extracellular protease(s) hydrolyzing skim milk supplemented to agar medium was under the control of AdpA. We will discuss a possible role of the proteases, whose production is switched on by AdpA, in morphological differentiation.
MATERIALS AND METHODS
General recombinant DNA studies. All the bacterial strains, plasmids, and media were previously described (9, 30) . The strategies of gene disruption, alteration of the AdpA-binding sites by PCR, gel mobility shift assaying, DNase I footprinting, and S1 nuclease mapping were also previously described (30, 32) .
Cloning of the DNA fragments containing the protease genes. We cloned four protease genes from S. griseus IFO13350, on the basis of the reported nucleotide sequences of sprA (DNA database accession number A24972), sprB (A24973), sprD (L29019) (27) , and sprE (L28762). The strategy was first to amplify a short region by PCR with appropriate primers and then to clone a long DNA fragment containing the protease gene by colony hybridization with the amplified region as a digoxigenin-labeled probe. By this strategy, sprA on an 11-kb PvuII-BamHI fragment, sprB on an 8.6-kb BamHI fragment, sprD on a 6.7-kb BglII-SphI fragment, and sprE on a 4.3-kb SphI fragment were cloned. Concerning sprC (AF515832), the nucleotide sequence in the database was sufficient for our gel mobility shift assay with AdpA, and we amplified sprC sequences by PCR by using the chromosomal DNA of S. griseus IFO13350, without cloning sprC.
Gel mobility shift assay. The DNA fragments used for 32 P-labeled probes were amplified by PCR and 32 P labeled with T4 polynucleotide kinase. Various regions upstream of the coding sequences of sprA to sprE were used as 32 P-labeled probes. Table 1 lists the primer sequences for preparing these probes. Primers and seven probes, A1 to A7, were prepared for sprA: primers A1-F and A1-R for 
The nucleotide positions for sprA, sprB, and sprD are given, taking their transcriptional start points as ϩ1. Those for sprC and sprE are given, taking the first nucleotides of their start codons as ϩ1.
probe A1; A2-F and A2-R for probe A2; A3-F and A3-R for probe A3; A4-F and A1-R for probe A4; A3-F and A5-R for probe A5; A6-F and A6-R for probe A6; and A2-F and A3-R for probe A7. Primers and eight probes were prepared for sprB: primers B1-F and B1-R for probe B1; B2-F and B1-R for probe B2; B1F and B3R for probe B3; B1F and B4R for probe B4; B5-F and B4-R for probe B5; B1-F and B6-R for probe B6; B7-F and B6-R for probe B7; and B7-F and B3-R for probe B8. The following primers and probes were prepared for sprD (Fig. 1 , left panel): primers D1-F and D1-R for probe D1; D2-F and D1-R for probe D2; D3-F and D1-R for probe D3; D4-F and D1-R for probe D4; D5-F and D5-R for probe D5; D5-F and D6-R for probe D6; D5-F and D7-R for probe D7; and D5-F and D8-R for probe D8. For sprC, a 0.4-kb fragment (nucleotide positions Ϫ380 to ϩ20, taking the first letter of the translational start codon of sprC as ϩ1) was amplified by PCR with primers Cgs-F and Cgs-R and used as the probe. For sprE, a 0.4-kb fragment (positions Ϫ355 to ϩ50, taking the first letter of the translational start codon of sprE as ϩ1) was amplified by PCR with primers Egs-F and Egs-R and used for the probe. S1 nuclease mapping. Total RNA was isolated with ISOGEN (Nippon Gene) from cells grown on cellophane on the surface of YMPD agar medium. Hybridization probes were prepared by PCR with a pair of 32 P-labeled and nonlabeled primers. The PCR primers used for low-resolution S1 mapping were A1-F and A1-R* for sprA, Bs1-F and Bs1-R* for sprB, and D1-F and D1-R* for sprD. Primers indicated with an asterisk were labeled at their 5Ј ends with [␥-32 P]ATP by using T4 polynucleotide kinase before PCR. For the adpA probe, 5Ј-AGCC CCCGCATCCCTCCGCGGCGA-3Ј (positions Ϫ223 to Ϫ200 with respect to the transcriptional start point of adpA) and *5Ј-ACTCGCGAAGCGCACAGG GAAGTG-3Ј (ϩ54 to ϩ31) were used. Primers used for high-resolution S1 mapping were AHs1-F and AHs1-R* for sprA, B5-F and B4-R* for sprB, and D3-F and DHs1-R* for sprD.
For detection of the transcription of sprA on plasmids pA-W, pA-mA, pA-mB, and pA-mAB, the probe with 32 P at the 5Ј end, which was deleted from the chromosome of mutant ⌬sprA, was prepared with primers A1-F and A1-R*. For detection of the sprB transcription on plasmids pB-W and pB-M, the probe was prepared with Bs1-F and Bs1-R*. For detection of the sprD transcription on plasmids pD-W, pD-mA, pD-mB, and pD-mAB, the probe was prepared with primers D1-F and Dms1-R*. hrdB encoding a principal sigma factor of RNA polymerase was used to check the purity and amount of RNA used, as described previously (23) . Protected fragments were analyzed on 6% polyacrylamide DNA sequencing gels by the method of Maxam and Gilbert (18) .
DNase I footprinting. For determination of the AdpA-binding sites, a 32 Plabeled fragment was prepared by PCR with a pair of 32 P-labeled (indicated with an asterisk) and unlabeled primers listed in Table 1 : AfAa-F and AfAa-R* for the antisense strand and AfAs-F* and A2-R for the sense strand of site A in front of sprA; A3-F and A5-R* for the antisense strand and AfBs-F* and A6-R for the sense strand of site B in front of sprA; B1-F and Bfa-R* for the antisense strand and Bs1-F* and Bfs-R for the sense strand of AdpA-binding site in front of sprB; D1-F and DfAa-R* for the antisense strand and D3-F* and DHs1-R for the sense strand of site A in front of sprD; and DfBa-F and D6-R* for the antisense strand and DfBs-F* and D5-R for the sense strand of site B in front of sprD.
Alterations of the AdpA-binding sequences by PCR. Mutations were introduced in the AdpA-binding sites of sprA, sprB, and sprD by PCR using the QuikChange multisite-directed mutagenesis kit (Stratagene). For introduction of a mutation into the two AdpA-binding sites in front of sprA (see Fig. 6A ), a 0.7-kb fragment (positions Ϫ610 to ϩ130) was amplified by PCR with primers 5Ј-GGAATTCCGAGGCCTGCGGACGGGTC-3Ј (positions Ϫ610 to Ϫ591, with respect to the transcriptional start point of sprA, which was later determined; the underline indicates an EcoRI site) and 5Ј-CGGGATCCGGCGAG AAGCGCTTGAAGGTC-3Ј (positions ϩ130 to ϩ110; the underline indicates a BamHI site). After the absence of PCR errors had been checked by nucleotide sequencing, the fragment was cloned into pKF18k, resulting in pKFA. A mutation was introduced in the AdpA-binding sequence in site A on pKFA by PCR with primer 5Ј-CGGGCTCGCGGGCagcgctCCGGCCTTGCGTC-3Ј (the lowercase letters indicate an Aor51HI site). A mutation was introduced in each of the four AdpA-binding sequences in site B, in the order of the XhoI, SacI, PstI, and PmaCI mutations (see Fig. 6A ), on pKFA by PCR with primers 5Ј-TTCA GCCAGCCCctcgagGTAGCAAGTACGC-3Ј (positions Ϫ401 to Ϫ371; the lowercase letters indicate an XhoI site), 5Ј-AGCAAGTACGCCgagctcCACCATG GCTC-3Ј (positions Ϫ381 to Ϫ353; the lowercase letters indicate a SacI site), 5Ј-CCTCGAGGTAGCctgcagGCCGAGCTCCAC-3Ј (positions Ϫ390 to Ϫ361; the lowercase letters indicate a PstI site and the underline indicates the nucleotides that have already been changed), and 5Ј-CGGAAGCACGTAcacgtgCA GCCCCTCGAG-3Ј (positions Ϫ413 to Ϫ384; the lowercase letters indicate a PmaCI site and the underline indicates the nucleotides that have already been changed). Thus, the mutation in site B contained the four newly introduced restriction sites. The 32 P-labeled probes used for gel mobility shift assays to determine the affinity of the mutated sites were prepared by PCR with A8-F and A8-R for site A and with A3-F and A5-R for site B. The mutations in sites A and B, together with the whole sprA-coding sequence, were used for reconstruction of the 1.9-kb EcoRI-BamHI fragment (nucleotide positions Ϫ610 to ϩ1319) in pUC19, and the fragment was placed between the BamHI and EcoRI sites of pKUM20. The plasmids constructed in this way were pA-W containing the intact AdpA-binding sites, as a control; pA-mA containing the mutated site A and intact site B; pA-mB containing the intact site A and mutated site B; and pA-mAB containing the mutated sites A and B.
For generation of an XhoI site in the AdpA-binding site in sprB, a region (positions Ϫ214 to ϩ77, with respect to the transcriptional start point of sprB) was amplified by PCR with primers 5Ј-CGGGATCCTTCGCCGATCACTTCA TCTGCC-3Ј (positions Ϫ214 to Ϫ193; the underline indicates a BamHI site) and 5Ј-CCCAAGCTTCCTGTGGGGTGGCGGGCCC-3Ј (positions ϩ77 to ϩ59; the underline indicates a HindIII site). After confirmation that no errors had occurred during PCR, the BamHI-HindIII fragment was cloned in pKF18k. The XhoI mutation was introduced with a primer, 5Ј-GACCCGCGTGGCctcgagGC ATTCTTGCGTCC-3Ј (positions Ϫ61 to Ϫ30; the lowercase letters an XhoI site), by the same method as that used for introduction of the mutations in the sites A and B of sprA. The 1.3-kb BamHI-EcoRI fragment, corresponding to the DNA region from Ϫ214 to ϩ1069, was reconstructed and placed between the BamHI and EcoRI sites of pKUM20, resulting in pB-W containing the intact AdpA-binding site, as a control, and pB-M containing the mutated AdpAbinding site. The 32 P-labeled probe to check the affinity of the mutated site by gel mobility shift assay was prepared by PCR with primers Bs1-F and Bfs-R.
For generation of mutations in the two AdpA-binding sequences for sprD (see 
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Fig. 6A), the 0.9-kb BamHI-PvuII fragment containing the sprD promoter (nucleotide positions Ϫ193 to ϩ702, with respect to the transcriptional start point of sprD) was cloned between the BamHI and PvuII sites of pKF18k. For generation of a PmaCI site in site A, 5Ј-TGCACGTCTGGAcacgtgCCTTGTGTGCG-3Ј (positions Ϫ54 to Ϫ26, with respect to the transcriptional start point of sprD, which was later determined; the lowercase letters indicate a PmaCI site) was used. For generation of an Aor51HI site in site B, 5Ј-GATCCGCGCCGTagcg ctCCGGACAGGACTAG-3Ј (positions Ϫ192 to Ϫ161; the lowercase letters indicate an Aor51HI site) was used. The 32 P-labeled probes for determination of the affinity of mutated sites for AdpA were prepared by PCR with primers D2-F and DHs1-R for site A and primers DfBa-F and D6-R for site B. By combination of the generated mutations by standard DNA manipulation, four plasmids containing the DNA region from Ϫ472 to ϩ1482 between the EcoRI and XhoI sites of pKU209 were constructed: these were pD-W containing the intact sites A and B, as a control; pD-mA containing the mutated site A and the intact site B; pD-mB containing the intact site A and the mutated site B; and pD-mAB containing the mutated sites A and B.
Gene disruption. For disruption of sprA, an EcoRI-PvuII fragment, from which a region corresponding to Met-1 to Ala-294 was deleted, was cloned on pUC19 by DNA manipulation (see Fig. 7A ). The neomycin resistance gene (aphII) was placed in the multicloning site of the pUC19 plasmid. This mutagenic plasmid was introduced by transformation in S. griseus IFO13350, and neomycin (5 g/ml)-resistant colonies were isolated. After one of the neomycin-resistant transformants had been cultured in the absence of neomycin, neomycin-sensitive colonies were isolated as candidates for true sprA disruptants (mutant ⌬sprA). Correct disruption was checked by Southern hybridization with appropriate regions as 32 P-labeled probes. For disruption of sprB, the SalI-BamHI fragment, from which the PvuII-SmaI region was deleted, was placed in pUC19 and aphII was also placed in the HindIII site at the multilinker site. This plasmid was used as a mutagenic plasmid, and correct sprB disruptants (mutant ⌬sprB) were similarly isolated after Southern hybridization to check the correct deletion in the sprB-coding sequence.
For disruption of sprD, the BalI-PvuII fragment, from which the BalI-PvuII region in the sprD-coding sequence was deleted, was placed in pUC19, together with aphII in the multilinker site. This plasmid was used as a mutagenic plasmid, and correct mutant ⌬sprD was isolated after Southern hybridization.
For construction of double mutant ⌬sprAB, sprA in mutant ⌬sprB was disrupted. For construction of triple mutant ⌬sprABD, sprD in mutant ⌬sprAB was disrupted.
Serine protease assay. S. griseus strains were grown at 28°C for various periods on YMPD agar in a petri dish. Proteases secreted in the agar were extracted by a passage through the nozzle of a 20-ml plastic syringe without needle. The resulting suspension was centrifuged at 10,000 ϫ g at 4°C for 30 min for removal of agar debris. The supernatant was filtered through a Millex-GV filter (Millipore) (0.2-m diameter) to eliminate the remaining agar. The chymotrypsin activity was measured spectrophotometrically by the release of p-nitroaniline by use of N-succinyl-ala-ala-pro-phe-p-nitroanilide (AAPF; Sigma) as an artificial chromogenic substrate (17) . The reaction mixture containing 890 l of a reaction buffer (100 mM Tris-HCl [pH 8.0], 10 mM CaCl 2 ) and 10 l of 30 mM AAPF in dimethyl sulfoxide was warmed at 37°C for 5 min, rapidly mixed with 100 l of the enzyme solution, and incubated for 15 min. The reaction was stopped by adding 400 l of 30% acetic acid in dioxane, and the absorbance at 405 nm was recorded. One unit of hydrolytic activity was defined as the amount of enzyme corresponding to a 0.1 increase in absorbance per min under the above-described conditions.
RESULTS
Cloning of protease genes. The five proteases, SprA to SprE, are all chymotrypsin-type serine proteases (27) . All consist of the pre-, pro-, and mature regions. Although the mature parts of these proteases show similarity in amino acid sequence to one another, SprA, SprB, and SprD show particularly high sequence similarity to one another. Therefore, these proteases might play the same physiological role, and each might complement the activity of the others. SprE is a glutamic acidspecific protease (25) . On the basis of the nucleotide sequences registered in the NCBI sequence data bank, we cloned sprA, sprB, sprD, and sprE, the four serine protease genes, from S. griseus IFO13350. We used the sprC sequence amplified by PCR with the chromosomal DNA as a template without cloning sprC. Because the cloned DNA fragments were later used for disruption of the chromosomal genes by replacement as a result of homologous recombination, long regions upstream and downstream of sprA, sprB, and sprD were cloned.
Detection of AdpA-binding sites upstream of sprA, sprB, and sprD. We determined whether AdpA binds regions upstream of the five genes by a gel mobility shift assay. AdpA activates target genes by binding various positions with respect to the transcriptional start point, for example, more than 200 bp upstream and 25 bp downstream from the transcriptional start point (35) . In addition, some target genes contain multiple AdpA-binding sites; for example, ssgA contains three sites, from Ϫ255 to Ϫ216, from Ϫ127 to Ϫ95, and from ϩ35 to ϩ87 (35) . We therefore designed 32 P-labeled probes covering various regions and used them for gel mobility shift assays. The AdpA protein used was purified from E. coli harboring pETadpA and had a histidine tag at its C-terminal end with the structure AdpA-Leu-Glu-His 6 (32) .
Preliminary experiments showed the binding of AdpA to the upstream regions of sprA, sprB, and sprD. We therefore designed seven probes for sprA, eight probes for sprB, and eight probes for sprD and performed gel mobility shift assays. Figure  1 shows the results of the gel mobility shift assays to determine the AdpA-binding sites in front of the sprD promoter. Probe D1 gave two shifted signals, indicating that AdpA bound two different sites on this probe. This analysis predicted that AdpA bound two sites, nucleotide positions Ϫ171 to Ϫ123 and positions Ϫ94 to Ϫ44, with respect to the transcriptional start point which was later determined by S1 mapping. Similar analysis of sprA and sprB predicted that AdpA bound two sites, from Ϫ496 to Ϫ341 and from Ϫ75 to ϩ6, in front of sprA and one site, from Ϫ124 to Ϫ45, in front of sprB.
When the region from Ϫ380 to ϩ20, taking the first letter of the translational start codon of sprC as ϩ1, was used as a 32 P-labeled probe, no shifted signal was observed even with a large amount of AdpA (data not shown). Neither was any shifted signal observed for the sprE region from Ϫ355 to ϩ50, taking the first letter of the translational start codon of sprE as ϩ1 (data not shown).
Dependence of transcription of sprA, sprB, and sprD on AdpA. Because AdpA bound the region upstream of sprA, sprB, and sprD, we examined the transcription of these genes in the presence and absence of adpA ( Fig. 2A) . RNA was prepared from the wild-type strain IFO13350 and an adpA disruptant (⌬adpA) that were grown on cellophane on the surface of YMPD agar medium. hrdB, which is transcribed throughout growth, was used as an internal control to check the purity and amount of mRNA used. In the wild-type strain, the transcription of sprA and sprB was detected at 24 h, when cells vegetatively grew, and at 72 h, when sporulation began, as determined by low-resolution S1 mapping, whereas no transcription of sprA or sprB occurred in mutant ⌬adpA. The transcription of sprD was observed at 24 h in the wild-type strain, whereas no transcription of sprD occurred in mutant ⌬adpA. When adpA on a low-copy-number plasmid pKU209 (plasmid pADP10L) was introduced in mutant ⌬adpA, the transcription of all the three genes at 24 h was recovered and enhanced. This enhancement is probably due to the gene dosage effect of adpA; pKU209 appeared to have a copy number of more than 2, because introduction of pADP10L into mutant ⌬adpA results in overproduction of streptomycin (23) . These results showed that the transcription of sprA, sprB, and sprD at 24 h was dependent on adpA.
Introduction of adpA into mutant ⌬adpA did not restore the transcription of sprA or sprB at 72 h, the reason for which is unclear. One speculation is that enhanced expression of adpA at 24 h in mutant ⌬adpA harboring pADP10L somehow extends the period of transcriptional repression observed at 48 h in the wild-type strain until 72 h. In the wild-type strain, the cease of the transcription of sprA and sprB continued for a long period, more than 24 h, when examined with RNA prepared at more points (Fig. 2B) . The mechanism of the repression of sprA and sprB in the wild-type strain is also unclear.
The transcriptional start points of sprA, sprB, and sprD were determined to be 107, 109, and 61 nucleotides, respectively, upstream of the translational start codon, as determined by high-resolution S1 mapping (Fig. 2C) . The consensus Ϫ35 and Ϫ10 sequences are TTGACR and TAGRRT (R; A or G), respectively, for housekeeping genes in Streptomyces species (28) . Probable Ϫ35 and Ϫ10 sequences at appropriate positions for these genes are shown in Fig. 3 . Both elements of these genes are similar to one another and show 50% identity to those of the housekeeping genes. Two additional trypsintype protease genes, sprT and sprU, both of which are activated by AdpA (9), also contain Ϫ35 and Ϫ10 sequences similar to those of the chymotrypsin-type protease genes (Fig. 3) . We can deduce consensus sequences, ccTTG(C/T)G(T/G)c (the six nucleotides usually used as a Ϫ35 element are in uppercase letters) for Ϫ35 and c(G/A)A(T/C)AAT for Ϫ10. It is likely that the major sigma factor HrdB (2) is involved in the transcription of these promoters.
DNase I footprinting analysis of the AdpA-binding sites upstream of sprA, sprB, and sprD. We determined the exact location of the AdpA-binding sites by DNase I footprinting (Fig. 4) . For the antisense strand in site A of sprA, a 32 Plabeled probe covering the region from Ϫ182 to ϩ27 was used. AdpA protected a sequence from positions Ϫ32 to Ϫ58 with respect to the transcriptional start point. The sense strand from Ϫ64 to Ϫ29 was protected from DNase I digestion when 32 Plabeled probe from Ϫ111 to ϩ127 was used. For the antisense strand in site B of sprA, a 32 P-labeled probe covering the region from Ϫ496 to Ϫ266 was used. A sequence from Ϫ368 to Ϫ404 was protected. The sequence from Ϫ349 to Ϫ367 was also weakly protected. When a 32 P-labeled probe from Ϫ466 to Ϫ163 was used, the sense strand from Ϫ401 to Ϫ379 was protected. The AdpA-binding sites, with respect to the transcriptional start point, are shown in Fig. 5 .
The single AdpA-binding site in front of sprB was analyzed The time courses of sprA, sprB, and sprD transcription were followed by low-resolution S1 mapping with RNA prepared from cells grown at 28°C for the indicated hours on cellophane on the surface of YMPD medium. As a control, transcription of adpA and hrdB was also determined. (B) The time course of sprB transcription was determined with RNA prepared at more points. (C) The transcriptional start points of sprA, sprB, and sprD were determined by high-resolution S1 mapping. RNA (40 g each) prepared from the wild-type (wt) strain grown for 24 h on YMPD medium was used. The arrowheads indicate the positions of the S1-protected fragments. The 5Ј termini of the mRNA were assigned to the positions indicated by arrows, because the fragments generated by the chemical sequencing reactions migrate 1.5 nucleotides further than the corresponding fragments generated by S1 digestion of the DNA-RNA hybrids (half a residue from the presence of the 3Ј-terminal phosphate group and one residue from the elimination of the 3Ј-terminal nucleotide).
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with 32 P-labeled probes from Ϫ214 to ϩ13 for the antisense strand and from Ϫ144 to ϩ78 for the sense strand. Sequences from positions Ϫ36 to Ϫ56 of the antisense strand and from positions Ϫ57 to Ϫ43 of the sense strand were protected from DNase I digestion.
A sequence from positions Ϫ31 to Ϫ46 was distinctly protected and a sequence from positions Ϫ47 to Ϫ54 was weakly protected when the antisense strand in site A of sprD was examined with a 32 P-labeled probe from Ϫ192 to ϩ17. A sequence from Ϫ53 to Ϫ30 on the sense strand in site A of sprD was protected when examined with a 32 P-labeled probe from Ϫ94 to ϩ95. For the antisense strand in site B of sprD, a 32 P-labeled probe from Ϫ273 to Ϫ75 was used. A sequence from Ϫ168 to Ϫ194 was distinctly protected, and a sequence from Ϫ195 to Ϫ206 was weakly protected. A sequence from Ϫ191 to Ϫ163 of the sense strand in site B of sprD was protected when examined with a 32 P-labeled probe from Ϫ233 to Ϫ22. 
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AdpA binds the sites of this type (type II) by anchoring the DNA via the two DNA-binding motifs in one subunit of an AdpA dimer (24, 35) . Site B of sprA contains two consensus AdpA-binding sequences, 5Ј-TGGCTGAATA-3Ј and 5Ј-TAGCAAGTAC-3Ј, as a divergent repeat with a space of 11 bp. This pair seems to serve as the major AdpA-binding site, although this site contains an additional pair of the AdpA-binding sequences, as described below. This is a typical type I AdpA-binding site, to which AdpA binds by anchoring one AdpA-binding sequence with the DNA-binding domain of one subunit and the other AdpA-binding sequence with the other DNA-binding domain of the other subunit (35) . The AdpA-binding sites for sprA, sprB, and sprD, relative to their transcriptional start points, are illustrated in Fig. 5D . Most target genes activated by AdpA contain one AdpA-binding site at position Ϫ40 to Ϫ50 with the same orientation of the recognition sequence, 5Ј to 3Ј, as that of transcription. The AdpA dimer bound to this site is predicted to recruit RNA polymerase to initiate transcription. In fact, AdpA facilitates RNA polymerase to form an open complex competent for transcriptional initiation at the promoters of strR (30) , ssgA (35) , and adsA (35) .
Alterations of the AdpA-binding sequences. We introduced a mutation in the AdpA-binding sequences of sprA, sprB, and sprD by site-directed mutagenesis to determine the importance of the AdpA-binding sequences and measured the effects of the mutation on the promoter activity to later determine whether AdpA directly controls the transcription of these genes. As shown in Fig. 6A , the six nucleotides in the consensus AdpA-binding sequence in site A for sprA were changed to an Aor51HI recognition sequence of six nucleotides. The 32 Plabeled probe (positions Ϫ116 to ϩ130) containing the Aor51HI mutation and the promoter of sprA gave almost no retarded signal, whereas a similar probe containing the intact AdpA-binding sequence gave a distinct signal. Similarly, the single AdpA-binding sequence for sprB was changed to produce an XhoI recognition sequence, site A for sprD was changed to produce a PmaCI recognition sequence, and site B for sprD was changed to produce an Aor51HI recognition sequence. Gel mobility shift assays with a 32 P-labeled probe (positions Ϫ144 to ϩ78) containing the XhoI mutation and the sprB promoter gave no retarded signal, whereas a similar probe containing the intact AdpA-binding sequence gave a distinct signal. Gel mobility shift assays with 32 P-labeled probes (positions Ϫ143 to ϩ95 for site A of sprD and from Ϫ273 to Ϫ75 for site B of sprD) containing the PmaCI and Aor51HI mutations, respectively, did not gave retarded signals, whereas similar probes containing the intact AdpA-binding sequences gave distinct retarded signal.
Site B for sprA contained two pairs of the type II AdpAbinding site. In addition to the pair described above, 5Ј-CTA CCTTTTC-3Ј and 5Ј-GTACGCCATT-3Ј formed a divergent repeat with a space of 3 bp (Fig. 6A) . We first generated the XhoI mutation and examined the affinity for AdpA by using a 32 P-labeled probe (positions Ϫ496 to Ϫ266) containing the XhoI mutation by a gel mobility shift assay. However, AdpA gave almost the same signal as for a similar probe containing no mutation (data not shown). We further added the SacI mutation to the XhoI mutation and examined the affinity of the probe containing the XhoI and SacI mutations. AdpA still gave a significant retarded signal. We next added the PstI mutation and examined the affinity containing the triple mutations. The affinity of this fragment for AdpA was greatly reduced. Finally, we added the PmaCI mutation. The 32 P-labeled probe containing the XhoI, SacI, PstI, and PmaCI mutations gave a negligible signal (Fig. 6B) . Because the XhoI and SacI mutations resulted in only slight decreases in affinity for AdpA and because the PstI and PmaCI mutations resulted in significant decreases in the affinity, we assume that the pair of the AdpAbinding sequences, positions Ϫ403 to Ϫ394 and positions Ϫ382 to Ϫ373, serves as the major AdpA-binding site.
Importance of the AdpA-binding sites for transcriptional activation of sprA, sprB, and sprD. We constructed pA-W, containing a 1.9-kb fragment in which the sprA promoter, together with its upstream region as far as position Ϫ610, and the complete sprA-coding sequence were contained, with the lowcopy-number plasmid pKUM20 (Fig. 6C) . We also constructed similar pA-series plasmids: these were pA-mA, in which the AdpA-binding site A was replaced by the Aor51HI mutation; pA-mB, in which site B was replaced by the XhoI/SacI/PstI/ PmaCI mutation; and pA-mAB, in which both mutations at sites A and B were combined. These plasmids were introduced in mutant ⌬sprA, and the transcription from the sprA promoter on the plasmids was measured. Because the 32 P-labeled end of the probe used for S1 mapping was deleted from the chromosome, the transcript detected should originate from the sprA promoter on the plasmids. The sprA transcript in mutant ⌬sprA harboring pA-W was detected at 36, 72, and 108 h, whereas no sprA transcripts were detected in mutant ⌬sprA harboring the other pA-series plasmids. Therefore, AdpA directly controlled the sprA transcription and both sites A and B were essential for the transcriptional activation. For example, the 32 P-labeled probe containing the intact site A of sprA (shown as lanes A) yields a distinct shifted signal, whereas a similar probe containing the mutated site A of sprA (shown as lanes mA) did not. The 32 P-labeled probes used were positions Ϫ116 to ϩ130 for site A of sprA, Ϫ496 to Ϫ266 for site B of sprA, Ϫ144 to ϩ78 for the single site of sprB, Ϫ143 to ϩ95 for site A of sprD, and Ϫ273 to Ϫ75 for site B of sprD. (C) Transcriptional analysis of the promoters containing the mutated AdpA-binding sequences. For example, pA-W, as a control, contained the sprA-coding region and the intact AdpA-binding sequences on pKUM20, and pA-mA contained the mutated AdpA-binding sequence. Low-resolution S1 mapping was performed with RNA prepared from cells of mutant ⌬sprA harboring pA-series plasmids grown at 28°C for the indicated hours on YMPD agar medium. No transcription from the sprA promoter with the mutated site A (pA-mA) was observed, whereas distinct sprA transcripts from the sprA promoter with the intact AdpA-binding sequences (pA-W) were detected.
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Plasmids pB-W and pB-M were constructed to assess the importance of the AdpA-binding site upstream of sprB (Fig.  6C) . The sprB transcript from the sprB promoter on pB-W was detected at 36 and 72 h, whereas that from the sprB promoter with the XhoI mutation at the AdpA-binding sequence was greatly reduced. We concluded that the control of the sprB promoter by AdpA was not as strict as for the sprA promoter but that AdpA was important for transcriptional enhancement of sprB.
pD-series plasmids were used for determination of the importance of sites A and B for transcriptional activation of sprD by AdpA. The amount of the sprD transcript from the sprD promoter with the Aor51HI mutation at site B was almost the same as that from the wild-type promoter. The sprD transcription from the sprD promoter with the PmaCI mutation at site A and with the mutation at both sites A and B was almost abolished. These results showed that only site A was responsible for the transcriptional activation of sprD by AdpA.
Disruption of the protease genes. We disrupted sprA, sprB, and sprD to determine their possible roles in morphological development. Figure 7A illustrates an example to show the strategy for disruption of sprA. Mutant ⌬sprA contained an in-frame deletion of the region encoding from Met-1 to Ala-294, mutant ⌬sprB contained an in-frame deletion of the region encoding from Leu-49 to Arg-264, and mutant ⌬sprD contained an in-frame deletion of the region encoding from Ala-85 to Ser-244. Because the activity of each of these proteases appeared to compensate for their roles by that of the others, we also generated a double mutant, ⌬sprAB, and a triple mutant, ⌬sprABD.
The extracellular chymotrypsin activities of the mutants grown on YMPD agar medium were compared to that of the wild-type strain (Fig. 7B) . The chymotrypsin activities of mutants ⌬sprA, ⌬sprB, and ⌬sprD decreased throughout the growth. Because mutant ⌬sprAB, like mutant ⌬adpA, showed almost no chymotrypsin activity, almost all chymotrypsin activity in S. griseus was attributed to SprA and SprB. Introduction of pADP10L containing adpA on the low-copy-number plasmid pKU209 into mutant ⌬adpA restored the chymotrypsin activity (Fig. 7C) , indicating again that these protease genes are under the control of adpA. The chymotrypsin activities of the wild-type strain and mutant ⌬adpA, both harboring the FIG. 7 . Deletion of the chromosomal spr genes and chymotrypsin activities of the mutants. (A) Schematic representation of deletion of sprA on the chromosome of S. griseus IFO13350, as an example. For generation of mutant ⌬sprA, long DNA fragments upstream and downstream were combined so that most sprA-coding sequence was deleted and were placed next to the kanamycin resistance (aphII) gene in pUC19. The pUC19 plasmid was introduced in S. griseus to isolate kanamycin-resistant transformants, in which the whole plasmid was integrated by homologous recombination. After cultivation of one of the kanamycin-resistant transformants in the absence of kanamycin, candidates having the correct deletion were selected as kanamycinsensitive colonies. Correct mutants (⌬sprA) were selected by Southern hybridization with aphII and the DNA fragment, shown by a bar, as the 32 P-labeled probes. Mutants ⌬sprB and ⌬sprD were similarly constructed. Mutant ⌬sprB was first constructed and then the sprA locus in this mutant was deleted, generating mutant ⌬sprAB. The sprD locus on the chromosome of mutant ⌬sprAB was deleted, generating mutant ⌬sprABD. vector pKU209, were higher than those of the strains without the vector. This may be due to the thiostrepton supplemented to the medium for the vector-containing strains, which might change physiological conditions in some way. Proteases have been suggested to be important for morphological differentiation, particularly in aerial mycelium formation (14) (15) (16) (17) . We expected that these proteases, which are all controlled by A-factor, might exert some effects on morphogenesis. All these mutants were grown on various media as a lawn by spreading a lump of mycelium and as a colony by inoculating a lump of mycelium or spores with a toothpick. The media we tested were YMPD, R2YE, Trypto-Soya, and minimal media. The carbon source (glucose) of these media was also changed to mannitol and glycerol. Contrary to our expectation, however, no apparent phenotypic changes were observed in the mutants; these mutants grew normally and formed aerial hyphae and spores with the same time course as the wild-type strain.
Dependence of extracellular protease activity on AdpA. We assayed extracellular protease activities by measuring the size of clear zones formed around the colonies of mutants ⌬sprA, ⌬sprB, ⌬sprAB, and ⌬sprABD on skim milk-containing agar medium. These mutants formed a clear zone of the same size on skim milk-containing medium as the wild-type strain. In Fig.  8 , the formation of a clear zone by the wild type and the mutant ⌬sprABD is shown. Therefore, the three chymotrypsins are not involved in the hydrolysis of skim milk. The same was true for the two trypsins whose transcription is under the control of AdpA; mutant ⌬sprTU formed a clear zone of the same size as the wild-type strain. However, mutant ⌬adpA formed a much smaller clear zone than the wild-type strain, indicating that AdpA activated not only these chymotrypsin and trypsin genes but also some other protease genes responsible for the hydrolysis of skim milk. The low extracellular protease activities in mutant ⌬adpA is not due to a defect in protein secretion, because this mutant produced the same extracellular cellulase activity as the wild-type strain when assayed on carboxymethyl cellulose-containing agar medium (data not shown).
DISCUSSION

Control of extracellular proteases by A-factor via AdpA.
The present study has demonstrated that AdpA is a master regulator for the three extracellular chymotrypsin-type proteases, because (i) almost no transcription of sprA, sprB, or sprD occurred in mutant ⌬adpA, (ii) AdpA bound the upstream activation sites (UASs) in front of their promoters, and (iii) mutations in the UASs severely impaired the transcription of these genes. We previously showed that two extracellular trypsin-type proteases, SprT and SprU (9), and a metalloendopeptidase, SgmA (12) , are also under the strict control of AdpA. Since A-factor switches over the cell physiology from the vegetative growth to the differentiation conditions, these proteases begin to be produced at or just before the decision point. The decision point is at the middle of the exponential growth phase (20) , at which point A-factor is accumulated in the cell to reach a critical concentration (1) . Therefore, these proteases function during the second exponential growth phase after the decision point.
Growth stage-dependent regulation of extracellular proteases, in addition to the A-factor regulation. Although AdpA served as a master switch for the chymotrypsins and trypsins, control of them appeared to be growth phase dependent, in addition to the regulation by the A-factor regulatory cascade. The transcriptional patterns of sprA and sprB showed an apparent and interesting growth stage-dependent regulation (Fig.  2B) ; they were actively transcribed at 24 h and at 72 h under the control of AdpA, but the transcription almost completely ceased from 36 h to 60 h. During this gap period when AdpA should be available, some factor or some mechanism may repress the transcription of these genes. Concerning sprD, which was transcribed at 24 h but not at 48 h or thereafter, we speculate that some other factor or mechanism that appears after 48 h represses its transcription. These speculative repressors and mechanisms can explain the growth-dependent regulation of sprA and sprB, although we have no direct evidence for the presence of the repressors.
Similar growth phase-dependent regulation was also observed for sprT, sprU, and sgmA, all of which are controlled by AdpA. The transcription of sprT and sprU started at 48 h and reached a maximum at 72 h. sgmA was transcribed throughout growth, once switched on by AdpA at 24 h, with a rapid and great increase in transcription at 72 h (12) . An interesting observation with respect to sgmA was that a mutation in one of the two AdpA-binding sites, the A site near the promoter (nucleotide position at about Ϫ50, with respect to the transcriptional start point of sgmA), completely abolished the sgmA transcription, but a mutation in the B site at nucleotide position Ϫ260 abolished only the high-level transcription at 72 h. One explanation for this transcriptional pattern is that during the early growth stage before 72 h, some repressor able to bind B site or its neighboring region prevents AdpA from binding to the B site, thus resulting in inhibition of full activation. These findings suggest that once AdpA switches on the transcription of these chymotrypsin and trypsin genes, they are further controlled by unknown factors and mechanisms, perhaps in different ways from one another.
Multiple AdpA-binding sites for transcriptional activation of target genes. For transcriptional activation by AdpA, sprA (24, 35) . Some genes required only a single AdpAbinding site located in most cases at Ϫ40 to Ϫ50, but others required two AdpA-binding sites, one of which was located in most cases at position Ϫ50 and the other of which was located at various positions, for example, at position Ϫ375 for sprA and at position Ϫ200 for amfR (34) . For both cases, at least one of the AdpA-binding sites was present at positions Ϫ40 to Ϫ50 in front of the promoter of most target genes. However, for example, ssgA required two AdpA-binding sites at positions Ϫ240 and Ϫ110 (33) . How the molecular mechanisms by which AdpA activates the transcription of the target genes and the AdpA molecule bound to the site far from the promoter, in conjunction with the AdpA molecule bound near the promoter, are involved in the transcriptional activation is still unclear. Because AdpA appears to recruit RNA polymerase to the promoter of the target genes and facilitate the isomerization of the RNA polymerase-DNA complex into an open complex competent for transcriptional initiation (30, 35) , we can say that the AdpA molecule bound near the promoter interacts with RNA polymerase and controls its transcriptional activity. Our recent study on the autorepression of adpA (11) gives us a hint of the role of the AdpA molecule bound far from the promoter. AdpA appeared to repress its own transcription mainly by cooperative binding to a strong binding site, site 1, at position Ϫ110 and a weak binding site, site 2, exactly on the promoter region, thus preventing RNA polymerase from access to the promoter. The AdpA dimer bound to site 1 apparently recruits another AdpA dimer to site 2 and forms a DNA loop via the interaction between the two AdpA dimers. According to this putative model, we assume that in the case of transcriptional activation of target genes by AdpA, an interaction between the AdpA dimer bound at regions far upstream of the promoter and the AdpA dimer bound near the promoter facilitates the transcriptional initiation by RNA polymerase. In the transcriptional activation of sprD, AdpA apparently bound at position Ϫ40 and facilitated RNA polymerase in forming an open complex formation without any interaction with the AdpA bound at position Ϫ180, as was the case for sprB. It is also possible that for some target genes containing two AdpAbinding sites, the AdpA dimer bound far from the promoter recruits another AdpA dimer to position at Ϫ40 to Ϫ50 so that the recruited AdpA can interact with RNA polymerase. Conceivably, the presence of AdpA on one binding site increases the local concentration of AdpA.
Possible importance of extracellular proteases for morphological development. Most cells in substrate mycelium die during aerial mycelium formation, because the aerial mycelium reuses material first assimilated into the substrate mycelium (19, 31) . It is therefore conceivable that many hydrolytic enzymes, such as proteases, nucleases, and lipases, required for the degradation of cytoplasmic contents are produced at a specific time at the beginning of aerial mycelium formation. In addition to this lysis of substrate mycelium, several observations of a possible relationship between extracellular serine proteases and morphological differentiation have been reported. Kim et al. (14) observed that a trypsin inhibitor abolished or impaired aerial mycelium formation in several Streptomyces spp. Kim and Hong (17) observed that addition of a serine protease inhibitor, pefabloc SC, to S. griseus caused a delay in aerial mycelium formation by 1 to 2 days. Inhibition of aerial mycelium formation by a trypsin inhibitor was also observed by Nicieza et al. (21) . Kim and Lee (15, 16 ) studied a trypsin in Streptomyces exfoliatus, in combination with leupeptin and its inactivating enzyme, and concluded that the trypsin was involved in the lysis of substrate hyphae. Ginther (5) and Gibb and Strohl (4) also reported a correlation between a serine protease and morphological differentiation. These observations tempt us to speculate that serine proteases are involved in morphological differentiation in some way. However, even mutant ⌬sprABD or ⌬sprTU formed aerial hyphae and spores normally. The chymotrypsins and trypsins under the control of AdpA are all serine proteases and inhibited by serine protease inhibitors. Speculatively, some remaining proteases may compensate the defects in protease activity in these mutants.
In addition to the three chymotrypsins and two trypsins, a protease(s) that hydrolyzed skim milk in the medium was also dependent on AdpA. Our recent study of the Streptomyces subtilisin inhibitor (SSI) gene in S. coelicolor A3(2) (10) showed that an SSI null mutation greatly increases not only chymotrypsin and trypsin activities but also the skim milkhydrolyzing activity. Therefore, the protease(s) responsible for the hydrolysis of skim milk is a subtilisin-type serine protease(s) in S. griseus, too. The genome sequence of S. griseus (our unpublished data) predicts the presence of many proteases, and the number of even predictable subtilisin-type serine proteases is more than 10. Again, it would be difficult for us to identify the proteases responsible for the hydrolysis of skim milk and to determine the role of an individual protease due to the possible mutual compensation of each of the proteases for the others.
Recently, the SSI gene in S. coelicolor A3(2) has been found to be controlled by AdpA (13) . SSIs modulate the activity of extracellular serine proteases, including subtilisin-type proteases, chymotrypsins, and trypsins, by direct binding (29) . We also found that the SSI gene in S. griseus is a member of the AdpA regulon (unpublished data). Although disruption of the S. coelicolor A3(2) SSI gene gave no morphological changes (10, 13), we are currently studying the role of the SSI in S. griseus. Combination of the SSI with its target proteases, including the three chymotrypsins and two trypsins in S. griseus that have a genetic background different from that of S. coelicolor A3(2) (3), might give us some clue to the role of the proteases in morphological differentiation.
